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DESIGN AND MANUFACTURE OF A REFLECTIVE 
INTEGRATED OPTICAL COUPLER 
MATTHEW PONSINI 
ABSTRACT 
 A primary focus of research in the field of integrated optics is the reduction of 
coupling losses into and out of waveguide structures. Grating couplers, taper couplers, 
and prism couplers each have limitations that restrict their viability for certain designs. 
This thesis presents a reflective optical coupler as an alternative means of coupling 
between a silicon-on-oxide waveguide and a target structure. 
 Based on simulation results, the reflective coupler is found to have several 
advantages over standard grating and prism couplers. The reflective coupler has high 
coupling efficiency over a broad range of wavelengths, with a large drop in efficiency 
only occurring when the waveguide mode changes due to the wavelength variation. The 
reflective coupler is also able to couple at nearly any arbitrary angle with minimal 
additional coupling loss. 
 Manufacture of the reflective coupler remains difficult, however. A specialized 
dicing saw was used to attempt to manufacture the coupler in a waveguide structure. 
However, the waveguide was damaged in an unexpected way during this manufacture 
process. As such, the experimental results indicate low coupling efficiency. In spite of 
this damage and other issues, the coupler still achieved coupling efficiency approaching 
20dB, indicating that the coupler could be a valid structure should a more reliable 
manufacturing method be identified.  
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1. Background and Concept Description 
1.1 Background 
 The field of integrated photonics has been growing rapidly since it was first 
proposed in 1969 [1]. In general, integrated optics is the effort to apply thin-film 
technology to optical components, reducing them from individual bulk components to a 
planar device on an integrated chip. This integrated optical chip has several theoretical 
advantages over the macroscopic designs they aim to replace. The size of individual thin-
film devices is extremely small, allowing a single integrated optical chip to contain many 
different devices positioned relatively close together. In addition, as the light is bound 
within the thin-film waveguide rather than propagating through free space, higher power 
intensities can be achieved at lower total powers than can be achieved by macroscopic 
devices, which can be useful for nonlinear optical applications [2]. Beyond the 
advantages inherent in the design of an individual integrated optical chip, it is far cheaper 
to scale production of integrated chips for a mass-market application than it would be for 
macroscopic devices. These, and other, advantages make integrated optical devices 
extremely attractive for many different applications. 
 The primary enabler of integrated optics is the waveguide. In its simplest form, a 
waveguide is some structure manufactured on the integrated optical chip that has a higher 
index of refraction than the surrounding material. This mismatch in the index of 
refraction binds electromagnetic waves into the waveguide via the phenomenon of total 
internal reflection, allowing the electromagnetic waves to be guided from one region of 
the integrated optical chip to another. Depending on the design of the waveguide, 
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Maxwell’s Equations can provide either a single bound solution or multiple bound 
solutions for the electric field distribution across the waveguide. These solutions define 
the permissible modes for the bound electric field [2]. 
 One of the major challenges with integrated optical devices is coupling 
electromagnetic waves into and out of the device. As waveguides bind the 
electromagnetic waves through total internal reflection, coupling into the waveguide can 
only occur if the propagating waves enter the waveguide at an angle below the 
waveguide’s critical angle. This would seem to limit coupling into and out of the 
waveguide to structures that emit or receive electromagnetic waves in-plane with the 
waveguide. However, certain structures have been developed in order to couple 
electromagnetic waves between the waveguide and out-of-plane devices (often optical 
fibers) [2]. 
 The conceptually simplest coupling method is inverse taper coupling. In this 
method, the waveguide has a taper manufactured at the coupling end of the waveguide 
which gradually reduces the size of the waveguide. This reduction in waveguide size 
causes the electromagnetic mode of the waveguide to expand into a mode that better 
matches the target fiber’s mode. The fiber is butted up in-plane with the waveguide, 
allowing the expanded mode to couple directly into the fiber from the waveguide [3]. 
While conceptually simple, taper couplers have several flaws. One such flaw is the 
difficulty of manufacturing the taper with the smooth necessary surface to efficiently 
couple electromagnetic waves into the fiber [4]. In addition, the requirement of the fiber 
to be connected to the waveguide in-plane with the waveguide necessitates that there is 
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nothing beyond the coupler that would interfere with the positioning of the fiber, which is 
often equivalent to requiring the coupler to be positioned at the edge of the integrated 
optical chip [5]. While this may be acceptable for some designs, it is a highly restrictive 
limitation that could negatively affect manufacture of the device at best, and make certain 
designs impossible at worst. 
 Another method of coupling electromagnetic waves is through the use of a 
coupling prism. The coupling prism is a high-index of refraction prism that is placed, 
with a small air gap, above the waveguide. Light propagated into the prism from an 
outside source will reflect off the base of the prism through total internal reflection. The 
evanescent field formed from this reflection overlaps with the waveguide and excites an 
electromagnetic wave in the waveguide through a process known as optical tunneling, 
transferring most of the power of the incident electromagnetic wave into the waveguide. 
Maximum coupling into a desired waveguide mode is achieved when the horizontal 
velocities of the waveguide mode and the electromagnetic wave within the prism are 
equal. Coupling out of the waveguide is achieved similarly, emitting the electromagnetic 
wave at the ideal angle from the prism. The prism coupler has the advantage of being 
able to be positioned essentially anywhere on the chip, unlike the taper coupler. However, 
maximum coupling into a waveguide requires the electromagnetic wave to be at a 
specific angle, precluding vertical coupling. In addition, while coupling out of the 
waveguide can be shown to have perfect efficiency for a large enough coupler, simple 
prism couplers can only couple electromagnetic waves into the waveguide with a 
maximum of 81% efficiency; more complex couplers can be designed with higher 
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theoretical efficiencies, but come with additional manufacturing complexity [2]. 
 The third common method of coupling is through grating couplers. A grating 
coupler is a structure manufactured in order to achieve a spatial modulation in the phase 
of the waveguide mode. This phase modulation can be achieved either by changing the 
physical topography of the waveguide or by periodically varying the index of refraction 
of the coating material. In either case, the coupler acts as a diffraction grating for the 
waveguide, coupling electromagnetic waves into and out of the waveguide [6]. This 
method, similarly to the prism grating, has a limited maximum efficiency for simple 
designs [2] and can only easily couple out at an angle from the waveguide normal. 
Vertical coupling, while technically achievable, is complicated by high reflection 
coefficients, necessitating further design and processing to reduce losses. In addition, due 
to the wavelength-dependent nature of diffraction, grating couplers only couple 
efficiently at narrow bandwidths, with most having a 1dB bandwidth measured in the tens 
of nanometers. While a great deal of research has been conducted toward improving the 
efficiency and bandwidth of grating couplers, manufacture of a broadband and efficient 
grating coupler remains difficult [7]. 
 
1.2 Concept Description 
 This thesis explores an alternative concept for out-of-plane coupling into and out 
of waveguides. In this concept, a metallic mirror is lithographically constructed into the 
waveguide. The mirror then reflects electromagnetic waves from the waveguide to an 
out-of-plane target and vice versa, thereby coupling the electromagnetic waves between 
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the two structures. 
This concept has several inherent advantages over the couplers previously listed. 
The first is the inherently broadband response of mirrors. As is demonstrated through the 
Law of Reflection, a mirror reflects electromagnetic waves in the same direction 
regardless of its wavelength, according to the relation: 
𝜃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡= 𝜃𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 
 While the total power of the reflected light can vary as per the Fresnel equations, a 
properly designed mirror would have a large band where most of the incident 
electromagnetic waves are reflected toward the coupling target. Thus, it can be expected 
that a properly designed mirror would have a large bandwidth, as compared to the 
narrow-band response that grating couplers demonstrate. 
 In addition to the broadband response, the coupling response is expected to be 
easily optimized for any arbitrary angle without increasing the design complexity 
significantly. As the power reflected by a metallic surface is high at most angles of 
incidence, a reflective coupler should have similar coupling efficiency for any arbitrary 
angle with minimal changes to the design required. This further relaxes the constraints 
imposed on the position and acceptance angle of the coupling target as compared to the 
other coupler designs without sacrificing efficiency or increasing manufacturing 
complexity. 
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1.3 Structure Concepts  
 Initial discussions for this concept identified two primary criteria for potential 
designs to be considered for further inquiry. The first criterion is the coupling efficiency 
of the design. To be an acceptable design, the mirror coupler must be able to couple 
electromagnetic waves efficiently between the waveguide and the target. The second 
design criterion is the manufacturability of the design. Manufacturing complex structures 
at the microscale is difficult, so minimizing the complexity of the design will make the 
concept more viable. From this initial discussion, four conceptual mirror coupler designs 
were identified for further exploration in this work, with the goal of determining what 
design best satisfied the given criteria. For all of the concepts considered, the general 
manufacturing process considered is etching and construction of the underlying surface 
and shape of the mirror region, then deposition of the reflective surface. As such, the 
discussion of manufacturing complexity is primarily focused on the construction of the 
underlying surface as the primary variable. 
 The first concept under 
consideration is a simple flat mirror 
positioned at an angle from the substrate, 
with the waveguide terminating in a flat 
facet prior to the mirror cavity. The flat 
mirror is a very simple and intuitive design 
conceptually, and can theoretically be optimized for any coupling angle simply by 
varying the angle of the mirror. However, this design is relatively difficult to 
Figure 1. Angled-Etch Structure 
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manufacture. Angled facets are relatively difficult to manufacture at the microscale, 
especially in a non-crystalline structure such as a silicon-on-oxide waveguide. While 
similar angled facets have been manufactured previously in indium-phosphide 
waveguides [8], the process is very difficult and is not a standard process in industry. 
 A similar concept, with a 
somewhat simplified manufacturing 
method, was also included in 
consideration. In this concept, the vertical 
etch on the waveguide face is removed, 
reducing the necessary etching to a single 
anisotropic angled etch. While this reduces the necessary processing to manufacture the 
device, the angled etch is still a difficult process to perform. In addition, because the 
boundary of the waveguide is also angled, refraction effects will influence the structure’s 
electromagnetic response. At shallower angles relative to the waveguide, the reflection of 
the electromagnetic waves on the waveguide-air boundary will increase, reducing 
coupling due to the mirror structure and complicating coupling optimization.  
 As the primary difficulty with the 
previous designs is the manufacture of a 
flat angled surface for the mirror, 
additional concepts without this 
requirement were considered. The primary 
design considered for this purpose is a 
Figure 2. Straight-Etch Structure 
Figure 3. Curved-Etch Mirror 
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curved mirror. This design is constructed through an isotropic wet etch process, using the 
undercut inherent in the process to form the mirror surface. The waveguide surface is 
protected during the etching process in order to maintain a vertical facet similar to the 
one present in the first design. This design is far simpler to manufacture, as it only 
requires standard vertical and isotropic wet etching. In addition, as the process produces a 
curved mirror, the possibility was considered that the structure could potentially collimate 
the diverging beam from the waveguide to some degree, focusing the electromagnetic 
waves onto the coupling target and maximizing the coupling efficiency. 
 For the purposes of this thesis, it is assumed that the surface produced by the 
isotropic etching process is semicircular in nature. The isotropic etching process, by 
definition, etches at the same rate in all directions. For an infinitesimally small opening in 
the protective mask, this would produce a spherical etch. For larger openings, the 
undercut would still produce a curved undercut region beneath the mask, making the 
spherical approximation reasonably valid. However, a semicircular mirror introduces 
optical distortion into the beam, including astigmatism and defocus. As this effect is 
amplified when the electromagnetic waves are at a large angle from the mirror’s principle 
axis, any potential collimating effects would be mitigated by the distortion [9]. In 
comparison, an ideal parabolic surface has been shown to perfectly focus electromagnetic 
waves, and is indeed commonly used for off-axis focusing applications [10]. Thus, a 
properly-optimized parabolic mirror would be expected to produce a far more optimized 
coupler than a spherical mirror of similar dimensions. However, a parabolic mirror would 
be extremely difficult to accurately manufacture, and so the spherical approximation is 
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chosen to be reviewed in this thesis. 
 The fourth concept considered 
initially was a semicircular structure with 
the metallic surface covering the surface 
across from the waveguide. This would be 
extremely simple to manufacture as the 
underlying structure can be created 
through an isotropic etch process, using the undercut to form the full structure. As 
isotropic etching is one of the most common processes in photolithography, this concept 
would also be easily converted into an industrial process for large-scale integration. 
However, initial simulation work indicated this structure was the least efficient of the 
four designs by a large margin, minimizing the validity of the design. 
 
Figure 4. Isotropic-Etch Structure 
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2. Simulations 
2.1 Simulation Background 
Due to the high complexity of the underlying equations governing the 
electromagnetic response of the waveguide and the integrated couplers, it was soon 
decided that numerical simulations would be used to characterize the expected response 
of the individual structures. A test structure would then be manufactured based on one of 
these designs in order to confirm the simulation results. 
In order to perform the simulations, the waveguide structure was constructed in 
Lumerical MODE Solutions software and simulated through its 2.5D VarFDTD solver. 
The VarFDTD solver is a finite-difference time-domain (FDTD) solver that simplifies the 
simulation from an arbitrary 3D structure to a 2D planar representation of it. The 
software does this by first using a proprietary effective-index method to compress the 3D 
structure into a 2D representation while accounting for dispersion, then performing a 2D 
FDTD simulation on the compressed structure. While this method neglects any out-of-
plane effects that may be present, it is far more computationally efficient than a full 3D 
simulation, allowing for a denser computational mesh to be used for increased accuracy 
while still running faster than the full 3D simulation. As out-of-plane effects should be 
limited to losses due to the coupler structure not being infinite in the out-of-plane 
direction, the solver is expected to be a useful tool for the optimization and 
characterization of the structure and the trends of its electromagnetic response. A full 3D 
FDTD simulation was performed on the optimized structure to confirm these 
assumptions, and is detailed in Section 2.5. 
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 Before the coupler structures can be simulated, the base waveguide design and the 
coupling target must be defined. The waveguide was chosen to be a silicon-on-oxide 
(SOI) structure, where a small silicon strip is surrounded by a silicon oxide cladding. This 
structure was chosen due to its low transmission losses at the 1550-nanometer 
wavelength that is commonly used in industrial applications, the high index mismatch 
between the silicon and its oxide cladding, and its compatibility with standard 
complementary metal-oxide-semiconductor (CMOS) manufacturing techniques. The 
index mismatch decreases the necessary footprint of the photonic integrated circuit, 
allowing for more devices to be manufactured on a single wafer. SOI’s compatibility with 
standard CMOS manufacturing techniques also contributes to its popularity, as a standard 
CMOS fabrication lab can also be used to manufacture SOI structures without needing 
specialized methods or equipment [11]. 
 
Figure 5. Waveguide Structure 
  
12 
 The specific structure chosen for this project is shown in Figure 6. This structure 
was chosen primarily due to the mode expansion that occurs due to the small horizontal 
cross-section of the silicon strip. Rather than binding the electromagnetic waves primarily 
within the silicon, the mode response of this design expands the electromagnetic field 
into the cladding. This expanded mode, similar to the concept behind the taper coupler, 
increases the mode size to better match the mode of the target, improving coupling 
performance. Additionally, this expanded mode undergoes less divergence upon exiting 
the waveguide than a fully-bound mode 
would, reducing the size of the mirror 
necessary to intercept the majority of the 
power. This structure does not suffer from 
the edge dicing concerns that a taper 
coupler does as this structure does not 
require the accurate dicing a taper does, as 
the waveguide is a uniform structure up to 
the mirror structure. While this structure is expected to improve the coupling efficiency 
Figure 6. Waveguide Dimensions  
Figure 7. Expanded-Mode Electric Field 
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of the system, a more standard waveguide 
with a tightly-bound mode (as 
demonstrated in Figure 8) is also 
simulated, in order to explore the 
differences between the bound and 
expanded modes in conjunction with the 
mirror structures. 
 For the coupling target, a single-mode step-index optical fiber was chosen to be 
the test structure. An optical fiber, in its simplest form, is essentially a waveguide in both 
form and function. Composed of a core and cladding with different indices of refraction, 
it guides electromagnetic waves bound within it through total internal reflection. An 
optical fiber is considered the ideal target for exploring the efficiency of this structure due 
primarily to its ubiquity in industry [12]. As many different optical fiber designs with 
various operating parameters exist, the specific design for the target fiber was determined 
later based in part on initial results, and is detailed in more depth in Section 2.2. 
 Prior to performing the simulations, several design parameters were identified as 
variable for the purpose of optimization. These parameters were determined primarily 
based on what aspects of the structure could be adjusted during manufacture; as such, the 
waveguide structure itself was held constant throughout the simulations aside from 
variation of the waveguide span, as explained previously. For the two angled-facet 
designs, the angle of the facet and the span of the etched cavity were chosen as the 
primary variables. For the spherical mirror, the radius of the mirror and the span of the 
Figure 8. Bound-Mode Electric Field 
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vertical etch were defined. The isotropically-etched structure parameters were defined as 
the radius of the cavity and the portion of the curve coated by the metal, defined by the 
angle from horizontal to the end of the covered region. In addition to these individual 
parameters, the position of the target fiber relative to the coupler was also varied for all 
four designs. 
 The cavity produced by the manufacturing process was seen as a potential source 
of coupling loss in the structures. Back reflection at the waveguide-air interface could 
reduce the coupled power, and the large change in index of refraction between the 
waveguide and the air would lead to high divergence of the wavefront, potentially leading 
to high losses as most of the electromagnetic waves could pass around the mirror 
structure rather than reflecting off it. As such, two structures were simulated for each 
concept. The first maintained the empty cavity, in order to examine the losses due to 
these effects. The second structure assumes the cavity is refilled with silicon oxide after 
the metal is deposited. This replacement oxide would reduce the change in index between 
regions, reducing both the back reflection and the divergence. Additionally, it would limit 
the change in index between the coupler structure and the target fiber, reducing back 
reflection at that surface as well. 
 For each structure, the metal used as the reflective surface was chosen to be 
aluminum. Aluminum has a high reflectance in the region surrounding the 1550-
nanometer wavelength the structures are being optimized around, ensuring most of the 
incident power is coupled from the waveguide to the fiber in a broad band surrounding 
the target wavelength [13]. In addition, aluminum is a relatively low-cost metal that is 
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commonly deposited using a standard sputtering process, minimizing both the cost and 
the difficulty of the deposition step in the coupler manufacture. 
 
2.2 Farfield Profile Simulations 
 The initial simulations for each concept were performed without a target structure 
present, and were used to measure the farfield response of each structure design. The 
farfield provides two key pieces of information. The first is the losses from effects 
unrelated to the coupling target, including reflection at the waveguide/cavity boundary 
and any propagation beyond the mirror that may occur, such as passing beneath the 
mirror. This allows us to gauge how much power is available to couple into the target 
structure in the ideal case where all power propagating vertically is coupled into the 
target. Additionally, the farfield provides us with the farfield pattern of the propagated 
power. As explained previously, the optical fiber we are defining as our target operates 
through total internal reflection. Thus, the fiber has a maximum angle that the 
electromagnetic waves can make with the fiber axis before they cease to be bound by the 
fiber; at this point, the waves are no longer coupled into the fiber, and power is lost. An 
ideal coupler would have a wavefront that is tightly focused, to minimize the coupling 
loss from this effect. Due to the importance of this maximum angle, most fibers available 
on the market list the critical angle by reporting the numerical aperture of the fiber, using: 
𝑁𝐴𝑓𝑖𝑏𝑒𝑟= 𝑛𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 ∗ sin(𝜃𝑐) 
NAfiber is the numerical aperture of the fiber, nexternal is the index of refraction of the 
region outside the fiber, and θc is the critical angle of the fiber. As nexternal is commonly 
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taken to be air [14], which has an index of 1, this reduces to: 
𝑁𝐴𝑓𝑖𝑏𝑒𝑟 = sin(𝜃𝑐) 
This equation provides a very simple method of describing the maximum angle an 
electromagnetic wave can enter a fiber and be captured into its bound mode. 
 In order to determine the necessary numerical aperture required from a fiber for 
the reflective coupler, a relation must be determined to compare the farfield pattern of the 
coupler to the numerical aperture of the fiber. For this, we look to laser optics. In laser 
optics, the beam width of a Gaussian beam is defined using the angle at which the beam 
reaches 1/e2 times its maximum intensity, termed the 1/e2 width [15]. Using the half-
angle defined by the beam width, the beam can have an equivalent numerical aperture 
defined: 
𝑁𝐴𝑏𝑒𝑎𝑚 = sin(𝜃1
𝑒2⁄
) 
This equation is essentially identical to that of a fiber’s numerical aperture. Thus, if both 
a Gaussian beam and a fiber have identical numerical apertures, then a properly aligned 
fiber will couple the majority of the beam power into itself. As the initial simulations 
found that the most focused farfield intensity profiles achieved an approximately 
Gaussian shape for the intensity curve, this definition was chosen as a means with which 
to measure the divergence of the beam emanating from the coupler. 
 Four methods of determining the numerical aperture of the farfield pattern were 
used. The simplest of the four was directly finding the two angular points at which the 
farfield intensity decreased to below 1/e2 times the maximum intensity. As this is the 
literal definition of the numerical aperture, using these two points to find the numerical 
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aperture provides the most technically accurate result. 
 The direct measurement is technically the most accurate; however, as the farfield 
is not a perfect Gaussian function, the direct measurement is not entirely valid. As can be 
seen in Figure 9, there are relatively 
large bulges at the tails that can expand 
the apparent numerical aperture without 
increasing the coupling to a large 
degree. As the central peak of the 
farfield is the region containing the 
majority of the beam’s power, fitting a 
Gaussian function to this central peak 
would minimize the calculated numerical aperture of the beam without sacrificing a large 
amount of coupled power. Two Gaussian functions were fitted to the data. The first was 
fitted to the entire data set, while the second was fitted only to the central peak. The 
coefficients of the Gaussian functions were then used to calculate the angular span of the 
1/e2 width, from which the numerical aperture was then calculated. 
 The fourth method used to calculate the numerical aperture was through the 
measurement of the full width at half maximum of the central peak. This method directly 
measures the span of the points at which the beam intensity reduces to below 0.5 times 
the maximum intensity, termed the full width at half maximum, then uses the following 
relation to convert to the related Gaussian’s 1/e2 half-width [16]: 
𝑤1
𝑒2⁄
=
𝑤𝐹𝑊𝐻𝑀
√2 ∗ ln⁡(2)
 
Figure 9. Angled-Etch Farfield Intensity, 0.1 Micron-
Wide Waveguide 
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The 1/e2 half-width can then be used to find the numerical aperture of the beam. This 
method also relies on the assumption that the beam is a Gaussian distribution; however, it 
avoids the problem the direct measurement of the 1/e2 width had in that the full width at 
half maximum is still well within the approximate Gaussian that the central peak forms. 
 With these four methods of calculating the numerical aperture defined, 
simulations were performed on both the angled-etch and the curved-etch structures. The 
resulting farfield intensity profiles were then processed using a MATLAB script in order 
to find the numerical aperture for each simulation using each method. The results were 
then plotted, and are shown in Figures 10 and 12. The angled-etch structures were plotted 
against the width of the silicon waveguide, as the angle of the structure was found to not 
drastically change the numerical aperture. The curved-etch structures were plotted against 
the radius of the spherical mirror, for reasons explained below. 
Figure 10. Numerical Aperture Results: Unfilled Cavity, left; Oxide-Filled Cavity, Right 
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 As can be seen in Figure 10, the numerical apertures of the angled-etch structure 
is relatively consistent until a certain point, at which the results obtained through the 
different methods diverge rapidly. This divergence is explained by the failing of the 
underlying assumption of the beam shape at this waveguide width. As the waveguide 
width increases, the electromagnetic wave begins to be bound within the silicon 
waveguide rather than expanding into the cladding. As this occurs, the reflection off of 
the mirror coupler ceases to produce a single central beam, and instead begins to 
propagate as multiple beams across multiple angles, as seen in Figure 11. As such, the 
farfield pattern produced is no longer 
similar to a Gaussian function, causing the 
underlying assumptions of the calculations 
to fail. In spite of this, the numerical 
aperture results are still useful. At low 
waveguide widths, the various calculations 
provide similar numbers, confirming the 
results produced through the other 
methods. As the waveguide width increases and the results diverge, the beam shape 
spreads and splits into multiple beams. When this happens, a large amount of power 
diverges away from the central peak, leading to high coupling losses and reducing the 
validity of the design. The ideal design is therefore within the region that the Gaussian 
assumption remains valid, allowing the resulting calculations to be used to approximate 
the numerical aperture of the structure. 
Figure 11. Farfield Intensity Pattern: Angled-Etch 
Structure, 0.5 Micron-Wide Waveguide 
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Figure 12. Numerical Aperture Results, Curved-Etch Structure: Unfilled Cavity, Left; Oxide-Filled 
Cavity, Right 
The curved-etch structures produced far worse results as compared to the angled-
etch structures. As can be predicted from Figure 12, the farfield pattern produced by the 
coupler never produced a well-focused Gaussian beam. The best farfield pattern produced 
by the design is given in Figure 13. As can be clearly seen, the farfield has an extremely 
wide central peak, necessitating a fiber 
with a high numerical aperture in order to 
capture even the majority of power. This 
field rapidly splits into multiple beams as 
the mirror size changes, and adjusting the 
waveguide design does not improve the 
farfield response. As such, while this 
design may be useful for applications 
requiring a high numerical aperture, it is not a valid structure for the purposes of this 
thesis. 
Figure 13. Farfield Intensity Pattern: Curved-
Etch Structure, 6 Micron Radius  
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Given the poor response of both the angled-etch design at higher waveguide 
widths and the curved-etch design in general, the angled-etch structure with a low 
waveguide width was selected to be the structure for which the target fiber would be 
chosen. Using the numerical aperture results, it was determined that a numerical aperture 
of 0.2 would be ideal for a single-mode fiber to act as the target for this concept. This is 
slightly higher than the numerical aperture values provided by the simulation, which will 
slightly reduce the total power coupled into the fiber from the structure. However, this is 
well within the potential error introduced from assuming the coupled electromagnetic 
wave has a Gaussian intensity profile. Cursory research indicated that single-mode fibers 
with a numerical aperture of 0.2 are commercially available, validating the decision. 
As the materials used to commercially make optical fibers are not publically 
available, a representative fiber must be created in order to simulate the coupling between 
the waveguide and this fiber. The numerical aperture of a step-index fiber is directly 
related to the indices of refraction of the core and cladding materials of the fiber through 
the relation [14]: 
𝑁𝐴𝑓𝑖𝑏𝑒𝑟 = √𝑛𝑐𝑜𝑟𝑒
2− 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
2 
This equation, should the desired numerical aperture and the index of refraction of one 
material be known, can be used to determine the index of refraction of the other material. 
In order to ensure the fiber is single-mode, rather than multi-mode, a second relation is 
used: 
𝑉 = 2𝜋𝑎
𝑁𝐴
𝜆
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This equation relates the V-number of an optical fiber to the numerical aperture and the 
core radius, a, of the fiber. The V-number is a dimensionless parameter that indicates the 
number of guided modes a fiber can support. If V is below 2.405, the fiber can only 
support a single mode [17]. As we have previously determined that a single-mode fiber 
with a numerical aperture is desired, we can easily solve for the V-number of the fiber in 
order to determine the necessary fiber core radius to produce a single-mode fiber. The 
cladding material for the fiber was decided to be silicon oxide, with an index of refraction 
of 1.44 at a wavelength of 1550 nanometers, as silicon oxide is a material known to be 
used at the wavelength being used.  An online calculator made available through Brigham 
Young University implements these equations and was used in combination with the 
aforementioned information to determine the parameters necessary to create a fiber with 
the given numerical aperture [18]; these parameters are listed in Table 1. 
 
Parameter Value 
Wavelength 1550 nanometers 
Index of refraction, cladding 1.44 
Index of refraction, core 1.454 
Radius of core 2.75 microns 
Table 1. Target Fiber Parameters 
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2.3 Structure Optimization 
 With the target optical fiber defined, an optimization routine was run in order to 
maximize the coupling between the waveguide and the fiber. Lumerical software has an 
integrated optimization routine based on particle swarm optimization [19]. Using this 
method, the angled-etch structure was run through an optimization routine. The primary 
variables chosen for optimization were the mirror angle, the span of the cavity prior to the 
mirror surface, the width of the silicon strip within the waveguide, and the horizontal 
position of the target fiber. 
The optimization routine was set to optimize the mode overlap of the 
electromagnetic response of the system to the fundamental electromagnetic mode of the 
optical fiber. As explained through Lumerical’s documentation, the mode overlap method 
works by decomposing the electromagnetic radiation passing through a monitor into a 
linear combination of modes. This set of modes corresponds to the different modes a 
waveguide or fiber can support. Thus, the coefficients of the linear combination can be 
used to determine the fraction of power that is coupled into a given mode or set of modes 
[20]. As the fiber was designed to be a single-mode fiber, only electromagnetic power 
coupled into the fundamental mode of the fiber is truly bound to the fiber, and thus the 
transmission of power coupled into this mode is identical to the coupling efficiency. 
 The resulting parameters of the optimized structures are presented in Table 2. The 
mode matching achieved is remarkably high, approaching 80% of the input power 
coupling into the target fiber. This approaches the theoretical limit of the coupling 
efficiency achievable by grating and prism couplers, which is a positive sign for the 
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concept. It is worth reiterating, however, that this loss is calculated through a 2D 
simulation and does not include out-of-plane effects, which could increase the losses 
significantly. 
 
Parameter Value, unfilled cavity Value, oxide-filled cavity 
Mirror Angle 46.66° 45.48° 
Vertical-etch span 0.51 microns 0 microns 
Silicon waveguide width 0.1 microns 0.107 microns 
Coupling Efficiency 77.83% 80.18% 
Table 2. Optimized coupling structure parameters 
 
 The electric fields for the two structures are presented in Figure 14. In both cases 
there is a clear coupling between the 
waveguide structure and the fiber above, 
as expected. Additionally, there are clear 
standing waves present in the cavity due to 
the interference between the forward-
propagating waves and the vertically-
propagating reflected light. In the unfilled 
cavity design, there is an additional pattern 
leading to a beating-like pattern within the 
standing waves; this is presumed to occur in part due to the index mismatch between the 
Figure 14. Electric Field Profile of Angled-Etch 
Structures: Unfilled Cavity, top; Oxide-Filled 
Cavity, bottom 
  
25 
cavity and the fiber causing back reflection of some of the light, resulting in an additional 
resonant component in the standing wave. Another potential source of the more 
complicated resonance is due to the divergence of the electromagnetic wave as it exits the 
waveguide. The divergence caused the electromagnetic wave to propagate with a curved 
wavefront rather than as a planar wave, inducing the additional complexity in the 
standing wave pattern. Presumably due to this non-uniform pattern, the electric field 
present in the fiber has several low-intensity regions as compared to the extremely 
uniform electric field produced by the oxide-filled cavity. 
Two clear sources of the variation in coupling efficiency between the two designs 
can be identified through these images. The first source is back reflection at the 
waveguide-air interface in the unfilled-cavity design. A clear beating pattern can be 
identified in the waveguide of the unfilled-cavity design that is not present in the other 
structure. It was quickly determined that this is resulting from reflection of a portion of 
the electromagnetic wave at the waveguide-air interface; this reflected energy interfered 
with the remaining pulse as it propagated backwards through the waveguide. This 
reflected wave, while a small proportion of the total power, leads to a noticeable decrease 
in the coupling efficiency. This is not present in a significant degree in the oxide-filled 
cavity design as the oxide index-matches both the waveguide cladding and the optical 
fiber, reducing the reflection drastically. 
The second source of the variation in efficiency is the increased off-angle 
scattering from the cavity region. This likely occurs due to the strong index mismatch at 
the waveguide-cavity interface. The combination of the divergence from the waveguide 
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termination and scattering from the edge of the waveguide cladding causes some of the 
electromagnetic wave to scatter at a relatively large angle from the waveguide normal. 
The oxide-filled cavity structure does not undergo either of these processes to nearly the 
same degree, which is why the unfilled structure has larger losses than can be accounted 
for via back reflection. 
A third potential subtype of the 
angled-etch design was brought up and 
considered at this point. This concept, 
rather than etching into the waveguide in 
order to produce the surface for the mirror, 
would have a dicing saw slice the 
waveguide at an angle. This angled surface 
would then act as the surface for the mirror. This structure has several problems with 
manufacturing, which are detailed in 
section 3.1; however, it was considered 
worthwhile to simulate to determine the 
magnitude of the effect the cavity might 
have on the response. The optimized 
design parameters are listed in Table 3, and the electric field profile of the optimized 
design is shown in Figure 15. As can be seen, this design is extremely similar to the 
oxide-filled cavity design in its electromagnetic response, achieving a slightly higher 
coupling efficiency with an extremely similar electric field profile. As the simulation 
Figure 16. Electric Field Profile, Diced-Waveguide 
Structure 
Figure 15. Diced-Waveguide structure 
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results for the diced-waveguide structure and the oxide-filled cavity structure are 
extremely similar, only the results for the oxide-filled cavity structure will be presented 
in-text from this point, with the diced-waveguide results presented in Appendix A. 
 
Parameter Value, diced-waveguide concept 
Mirror Angle 45.08° 
Silicon Waveguide Width 0.125 microns 
Coupling Efficiency 82.4% 
Table 3. Optimized diced-waveguide results 
 
2.4 Parameter Sweeps 
With the optimal structures determined, parameter sweeps were performed in 
order to explore the effects of each parameter on the coupling efficiency. For each 
parameter sweep, each other parameter was set to its value in the optimal design as the 
target parameter was varied. The different variables chosen for the parameter sweeps are 
the angle of the mirror, the span of the cavity from the waveguide boundary to the lower 
edge of the mirror, the width of the waveguide, the wavelength of the electromagnetic 
wave, and the error in the position of the target optical fiber. The results of each sweep 
are presented as a graph of the coupling efficiency as a function of the swept variable. 
The results of the angle sweep are similar between the three structures; the 
unfilled-cavity results are presented in Figure 17, with the other results presented in 
Appendix A. As can be seen, there is a clear peak where the optimal coupling efficiency 
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occurs, and the coupling efficiency rapidly 
drops off as the mirror angle deviates from 
this optimal angle. However, this data is 
not entirely accurate, as the target fiber 
remains in the same position throughout; 
thus, the propagating wave is propagating 
in a different direction and missing the 
optical fiber. In practice, the fiber position 
and angle could be adjusted in order to 
continue coupling the propagating wave. 
This is more clearly demonstrated in the farfield patterns of the sweep where it can be 
seen that, aside from extreme angles in the unfilled-cavity design, the farfield pattern is 
similar in intensity but centered at different angles for the duration of the sweep. As such, 
it is predicted that the coupling efficiency 
would be similar for most mirror angles. 
The span sweep for the oxide-filled 
cavity demonstrates that, as the cavity 
span increases, the coupling efficiency 
decreases in relatively linear fashion. The 
additional distance traveled increases the 
losses from the divergence due to the 
electromagnetic wave exiting the 
Figure 17. Mirror Angle Sweep, Unfilled-Cavity 
Structure 
Figure 18. Farfield Pattern of Angle Sweep: 
Unfilled-Cavity Structure 
Figure 19. Vertical Etch Span Sweep: Unfilled 
Cavity, top; Oxide-Filled Cavity, bottom 
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waveguide. The wavefront spreads out as it travels through free space due to this 
divergence. Due to the finite size of the mirror, this spreading can cause some of the 
electromagnetic wave to pass above or below the mirror. The larger the cavity, by 
extension, the more of this wave spreads beyond the mirror, and thus the greater the 
coupling loss. This effect is also present in the unfilled cavity design, but there is an 
additional resonant component present. As the cavity reaches a multiple of the half-
wavelength of the electromagnetic wave, there is a rapid decrease in the coupling 
efficiency of the design. This occurs due to destructive interference in the cavity induced 
by back reflection at the mirror, which reduces the total power propagated into the fiber. 
 Varying the width of the silicon 
strip in the waveguide modifies the shape 
of the waveguide mode; in this structure, a 
wider waveguide will bind the 
electromagnetic waves within the silicon 
waveguide, while the thinner silicon will 
allow the wave to expand into the oxide 
cladding. As expected from the numerical 
aperture simulations, the expanded mode 
has high coupling efficiency that is generally constant throughout the region. As the 
waveguide mode begins to be bound within the silicon, the efficiency drops rapidly, with 
a minimum efficiency occurring where the mode is fully bound within the waveguide. 
Figure 20. Silicon Waveguide Width Sweep: 
Unfilled Cavity, top; Oxide-Filled Cavity, bottom 
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 Similarly, the wavelength sweep 
demonstrates essentially identical coupling 
efficiency for the wavelengths near the 
design wavelength of 1550 nanometers for 
the oxide-filled cavity structure. At lower 
wavelengths, a large drop in coupling 
efficiency occurs in a similar way to the 
bound-mode case of the waveguide width 
sweep. This occurs for an identical reason, 
as the waveguide’s mode shape depends on the wavelength of bound electromagnetic 
wave. As the wavelength decreases, the mode shape eventually reaches a point where it 
begins to be bound in the waveguide, and the high losses due to this tightly bound mode 
occur. This is an excellent result for the mirror coupler, as it indicates that the limiting 
factor for the broadband response of the coupler depends on the waveguide design. Thus, 
for a properly designed waveguide, the mirror coupler should be able to achieve 
broadband performance with minimal additional coupling loss. The unfilled cavity design 
is not nearly as efficient in a broadband, as the resonant effect that affected the cavity 
span sweep is also present with the wavelength sweep, limiting the coupling efficiency of 
the specific design. 
 A position sweep of the target fiber position was also performed, in order to 
determine the sensitivity of the coupling efficiency to the position of the fiber. For this 
simulation, it is assumed that an index-matching fluid is applied to the surface of the 
Figure 21. Wavelength Sweep: Unfilled Cavity, 
top; Oxide-Filed Cavity, bottom 
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coupler with an index identical to the fiber cladding. To maintain the difference between 
the oxide-filled and the unfilled cavity designs, the unfilled cavity design assumes the 
index-matching fluid is only present beginning at the upper surface of the waveguide. 
 As can be seen in Figure 22, the 
vertical error for the distances measured was 
essentially irrelevant due to the index-
matching fluid. The additional coupling 
loss is also minimal for small 
horizontal error, with large losses only 
occurring with error approaching half a 
micron of error or greater. This is well 
within the realm of manufacturing 
possibility, and the tolerance of the design 
to small errors is another positive result for the concept. 
 
2.5 Three-Dimensional Simulations 
In addition to the 2.5D simulations performed through the Lumerical MODE 
Solutions software, a full 3D simulation was performed through Lumerical’s FDTD 
Solutions software. The full 3D simulation is theoretically more accurate than the 2.5D 
simulation, as the 3D simulation does not neglect out-of-plane effects. By necessity, the 
2.5D simulation is unable to simulate out-of-plane propagation of the electromagnetic 
waves, and thus neglects any losses due to the finite size of the mirror. The 3D 
Figure 23. Coupling Efficiency Plot, y=0 
Figure 22. Coupling Efficiency versus Target 
Fiber Position; Optimal Position is (2.88, 0) 
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simulation, therefore, would provide a far more accurate estimation of the total coupling 
efficiency of the design. 
The unfilled-cavity design and the target optical fiber were replicated in FDTD 
Solutions and simulated through the FDTD solver. Once the initial simulation was 
completed, a parameter sweep was performed that varied the waveguide cladding width 
between the initial 2.5 micron width up to 4.5 microns. While this will adjust the 
waveguide mode, the primary effect is to increase the width of the mirror, and thus 
increase the surface area available to couple electromagnetic waves between the 
waveguide and the fiber. 
The resulting coupling efficiency 
curve is presented in Figure 24. As 
expected, the coupling efficiency dropped 
drastically, only achieving a coupling 
efficiency of 23.25% for the 2.5-wide 
cladding structure and 40.43% efficiency 
for the 4.5-wide cladding structure. It can 
also be seen that the coupling efficiency 
begins to plateau as the cladding width increases. This can be explained by the expected 
intensity profile propagated by the waveguide. It is expected that the region of highest 
intensity would be in line with the waveguide, with the intensity decreasing as the 
distance from the center increases. Thus, as the mirror grows wider, the additional 
Figure 24. Coupling Efficiency vs. Cladding 
Width, Unfilled Cavity Structure 
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electromagnetic radiation coupled is of lower intensity, leading to diminishing returns as 
the mirror increases in size. 
While the 3D simulations provide useful results and indicate possible trends, there are 
some important limitations to keep in mind when analyzing the data shown here. Due to 
memory limitations of the computer system used to run the simulation and the memory-
hungry nature of the FDTD simulation, certain concessions had to be made in order to be 
able to run the simulation. The first concession is the density of the simulation mesh. The 
mesh density used to run the simulation is automatically generated by the software using 
a set of presets, which generates a mesh based on several parameters, including the 
number of mesh nodes per wavelength. Due to the limited memory available, a mesh 
accuracy setting of 2 was selected, corresponding to 10 nodes per wavelength. This 
setting is defined in the software as primarily intended for low-accuracy, fast simulations; 
for comparison, the mesh settings chosen for the 2.5D simulations were a setting of 4, 
which corresponds to 18 nodes per 
wavelength. While the mesh is still useful 
for determining general trends, the limited 
density means any resonance effects that 
may be present may be suppressed. For 
example, the standing-wave pattern that is 
seen near the mirror is much weaker than 
indicated by the 2.5D simulation. 
Figure 25. Electric Field Profile, Propagation Out-
of-Plane 
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The second, and far more significant, limitation on the 3D simulation is the small size 
of the simulation region. In order to solve the equations necessary to perform the 
simulation, the edges of the simulation region must have defined boundary conditions 
that are independent of the simulation results. Ordinarily, to prevent the boundary 
conditions from affecting the simulation results, the conditions are defined at a point far 
away from the region of interest in the simulation. However, due to the memory 
limitations, the boundary conditions were by necessity defined near to the structures we 
are interested in. As such, the boundary conditions had a notable effect on the results of 
the simulation. As can be seen in Figure 25, the electromagnetic waves couple to the 
boundaries in such a way as to clearly affect the propagation of the waves. As there is no 
way to reliably ascertain the magnitude of the influence the boundary conditions have on 
the simulation, the simulation results cannot be viewed as completely reliable. While they 
are useful to determine approximate trends in the structure, the limitations on the 
boundary conditions and mesh density mean the 3D simulations performed here cannot 
be treated as entirely accurate to reality. 
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3. Experimental Results  
3.1 Structure Manufacturing Methods  
 With the ideal structure determined using the simulations, methods of 
manufacture and testing such a structure were considered. Four potential methods of 
manufacturing the flat-mirror structure were identified and considered for testing 
purposes. 
 The first method considered is the diced-waveguide concept identified previously. 
In this method, a dicing saw comes into the chip at the desired angle and dices the chip, 
leaving an angled surface on the waveguide that aluminum can then be deposited onto. 
While this is a relatively simple and fast method of manufacturing the mirror surface, and 
was shown to be highly efficient in the 2.5D simulations, this method restricts the 
manufacturing of the structure by requiring the coupler to be on the edge of the chip. 
While this was considered a possible option for testing the concept, it would not be viable 
as an industrial process, as it eliminates 
one of the core advantages of an out-of-
plane coupler by requiring it to be 
positioned on the edge of the chip. 
 The second method considered was 
termed the shadowed-region method. In 
this method, the waveguide structure is 
either anisotropically etched or 
manufactured to terminate abruptly, with Figure 26. Shadowed-region Manufacture schematic 
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a large surface beyond the waveguide. Aluminum is then deposited at an angle to the 
chip. The waveguide itself acts as a mask, only allowing the metal to build up at a certain 
distance away from the structure. As the metal builds up on the waveguide, the region 
shadowed by the structure increases, naturally forming the angled mirror. While this 
method would also theoretically work for testing purposes, there are several unknown 
factors that could complicate manufacturing through this method. The most important is 
confirmation that the shadowing works as expected, as this method is very sensitive to 
the exact mechanics of how the metal builds up on both the waveguide and the region 
beyond it. One particular concern is if the metallic buildup on the waveguide is not 
perfectly vertical; if the metal grows to the side as well as vertically, the shadowed region 
would not match what is intended, adversely affecting the mirror and the resulting 
coupling. Additionally, even if the buildup behaves as intended, the deposition would 
result in a metal layer over seven microns thick being deposited for this waveguide 
design. It is uncertain whether this unusually thick deposition would bond properly to the 
chip. 
 The third method of manufacture considered was through the use of focused ion 
beam etching. A focused ion beam system functions by accelerating a beam of ions 
toward a chip. Upon impact, the ions dislodge atoms from the target area, sputtering the 
atoms off of the chip and etching into it in a highly controlled manner. While this method 
of etching is easily controllable and highly precise, it is extremely slow. The beam can 
only etch into an extremely small region at a time, limiting the production speed 
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drastically. As such, while this method was considered as a backup plan should no other 
manufacture methods work, it was not considered as the ideal method for this project.  
The fourth method considered for this project was the use of a specialized dicing 
blade produced by DISCO corporation. This dicing blade is manufactured with an angled 
edge designed to only cut partway into a chip, and leave an angled surface in the resulting 
groove. This method is similar to the diced-waveguide concept in that the dice must 
occur in a straight line across the entire chip. However, this blade can be controlled so the 
blade only cuts a specific depth into the chip, so the dice can occur at any point on the 
surface of the structure. An additional limitation present in this method is that the angle 
made by the blade is determined by the manufacture of the blade, and cannot be adjusted 
during the dicing. This is especially limiting for the purposes of this thesis, as the only 
available blade was manufactured to leave a 30° angled surface, as opposed to the 45° 
surface necessary to achieve vertical coupling. However, this is not a severe limitation for 
general consideration, as the company can produce blades at multiple different angles. 
Despite the limitations presented here, this method was considered ideal for testing due to 
the rapid prototyping potential and the predicted repeatable nature of the construction. 
 
3.2 Experimental Procedure  
Once construction was completed, testing of the coupling potential of the 
structure would be performed. Two different setups would be used in order to determine 
the power loss of the structure. The first is a fiber-to-fiber setup that provides a measure 
of the input loss from the laser source to the test waveguides. In this setup, detailed in 
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Figure 27, a laser source is channeled 
through a fiber-optic cable into a polarizer, 
which then uses a lensed optical fiber to 
couple into a waveguide through a taper 
coupler manufactured in the waveguide. 
The waveguide terminates a short distance later at a second taper, which then couples 
into a second lensed fiber connected to a detector which measures the power. The initial 
power input from the laser is measured by directly connecting the laser to the detector, as 
is the power output by the attenuator and the polarizer; these power readings are then 
used to calculate the losses from the individual components of the system. As the 
waveguide, at approximately one millimeter long, is short enough for waveguide losses to 
be negligible, the only other losses from the setup are those in the taper couplers. 
Assuming the losses are equal for each coupler, the input loss to the waveguide can be 
determined. 
The second setup required would measure the power coupled through the 
waveguide into an out-of-plane coupler. 
This setup, detailed in Figure 28, is similar 
to the first setup; however, instead of a 
uniform waveguide coupling from fiber to 
fiber, the waveguide terminates at an out-
of-plane coupler which then is coupled 
towards a lens and camera assembly. The 
Figure 28. Out-of-Plane Coupling Experimental 
Setup Mockup 
Figure 27. Fiber Coupling Loss Experimental 
Setup Mockup 
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lens assembly is made up of two lenses with known parameters, which focus the 
electromagnetic waves from the coupler into the camera. The camera then outputs an 
image with the electron counts measured by the camera pixels, which can then be 
converted into a measurement of the intensity at a given pixel or the power measured by a 
region of pixels. As the lens array has a finite size, only radiation within a certain angle 
of the waveguide’s normal can be focused into the camera, thus duplicating the numerical 
aperture of a fiber. The data produced by the camera were saved as lossless TIFF images, 
which were then processed using a MATLAB script to determine the power measured. 
This process will be used to measure two different chips. The first chip will be a 
commercially-manufactured array of various grating couplers, providing a baseline loss 
measurement with which to compare the second chip containing the mirror coupler 
structures. Once the data is acquired, a comparison can be made between the physical 
coupler design, the simulation results, and the commercially-available grating couplers. 
The laser and detector system used in these experiments is a Keysight 8164B 
Lightwave Measurement System. This mainframe contains both a 1550-nm laser source 
and an InGaAs detector. The camera used for the out-of-plane tests is a Sensors 
Unlimited SU640CSX camera designed to 
operate in the short-wave infrared (SWIR) 
region, which includes the 1550-nm 
wavelength testing will occur at. The first 
lens in the array, which defines how much 
power is collected, is a 1” (25.4 millimeter) 
Figure 29. Lens Dimensions for Numerical 
Aperture Calculation 
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diameter lens with a focal length of 50 millimeters. From the geometry of the setup and 
the definition of numerical aperture, it is trivial to show that the numerical aperture of the 
lens is 
𝑁𝐴𝑙𝑒𝑛𝑠 = 𝑛𝑎𝑖𝑟 ∗ sin(𝜃𝑚𝑎𝑥) = 𝑛𝑎𝑖𝑟 ∗ sin(tan
−1
𝑟𝑎𝑑𝑖𝑢𝑠
𝑓𝑜𝑐𝑎𝑙⁡𝑙𝑒𝑛𝑔𝑡ℎ
) ≈ 𝑛𝑎𝑖𝑟 ∗
𝑟𝑎𝑑𝑖𝑢𝑠
𝑓𝑜𝑐𝑎𝑙⁡𝑙𝑒𝑛𝑔𝑡ℎ
= 𝑛𝑎𝑖𝑟 ∗
𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
2 ∗ 𝑓𝑜𝑐𝑎𝑙⁡𝑙𝑒𝑛𝑔𝑡ℎ
 
for small angles. Thus, for the lens used in this experiment, the numerical aperture is 
approximately 0.254. This is somewhat higher than the numerical aperture of 0.2 the 
system was designed for, allowing for additional light to be “coupled” to the camera from 
the various waveguide couplers. However, as the central peak of the coupled 
electromagnetic waves is predicted to be roughly Gaussian in shape, this will only gather 
a small amount of additional light, so this is still a valid comparison to the simulations. 
 
3.3 Taper Coupling Measurements and Structure Manufacture  
 For the taper coupling test, several baseline measurements were taken prior to the 
coupling test. The laser was first coupled directly into the photodetector, in order to 
measure the power actually output from the laser. The laser was then connected through a 
fiber-optic cable to an attenuator, and the resulting output was then coupled into the 
detector to measure the loss induced. A similar process was used to measure the loss from 
the polarizer and from the polarizer/attenuator assembly. With these losses characterized, 
the system was then connected to a lensed fiber mounted to a high-precision three-axis 
stage, which was positioned near to the waveguide chip. The second lensed fiber was 
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mounted to a second three-axis stage positioned at the opposite end of the waveguide 
chip and connected directly to the detector. The two stages were adjusted in order to 
maximize the power read by the detector, which was then recorded. Adjusting the 
position of the optical chip caused the fibers to couple through a different waveguide, 
which output a similar measurement. The resulting power readings and the related losses 
in decibels are recorded in Table 4. 
 
Measurement Measured power, loss in decibels 
Laser, 1 milliwatt setting 1.226 milliwatts 
Attenuator, 20 dB setting 8.3 microwatts = 21.69 dB 
Polarizer 1.096 milliwatts = 0.48 dB 
Polarizer and attenuator 7.4 microwatts = 22.19 dB 
Fiber-fiber coupling 0.27 milliwatts = 6.08 dB total, 3.04 dB per coupler 
Table 4. Experimental setup loss measurements 
 
 With the experimental setup’s losses characterized, the experimental chips were 
prepared for manufacture. Draper provided three optical chips, two with waveguides 
spanning the chip surface and one commercially produced with an array of grating 
couplers. Unfortunately, each grating coupler was manufactured to slightly different 
parameters; as such, a proper statistical sample of results cannot be obtained for the 
grating couplers. Instead, several measurements were performed at different regions of 
the chip, and the minimal coupling loss measurement was taken as the value against 
which to compare the reflective coupler design. 
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 The two chips were taken to Draper’s microfabrication laboratory to perform the 
dicing with the specialized DISCO blade. After some initial tests with unrelated 
waveguides to determine the necessary depth to set the blade, each blade was diced. The 
first chip was diced at a setting intended to only dice 7.5 microns deep, in order to only 
dice the waveguide. The second chip was set to dice at 10.5 microns deep, to explore the 
affect a deeper dicing depth, and by 
extension a wider cavity, would have on 
the coupling efficiency. The two chips 
were then placed under a microscope with 
a cameral mount and examined. 
 Unfortunately, the manufacture of 
the mirror surface did not occur as 
planned. As can be clearly see in Figures 
30 and 31, there is severe damage on the 
waveguide surface near the diced channel. 
This damage will negatively affect the 
coupling efficiency of the design, as the 
damage will increase losses at the 
waveguide-cavity interface. More 
seriously, the damage prevents the metal 
deposition from proceeding as initially 
planned. Due to the damage, any sputtering of aluminum will result in the waveguide 
Figure 30. Shallow-Cavity Dice, 100X 
Magnification; Waveguide Termination is Right 
Surface 
Figure 31. Deep-Cavity Dice, 100X Magnification; 
Waveguide Termination is Right Surface 
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boundary being coated in a layer of aluminum as well, which would deflect the 
electromagnetic wave away from the coupler and drastically reduce the coupling 
efficiency, if not preclude it entirely. While this can be remedied through the application 
of a protective mask of photoresist, the additional time and cost required to perform this 
was a concern. Aside from the damage, the dicing blade also created a much larger cavity 
than initially expected. Using software connected to the microscope and camera 
assembly, the span of the cavity was approximated to be 75 microns from the top of the 
mirror surface to the top of the waveguide area. This span is far longer than the span 
simulated, and is too long to be able to be simulated reliably due to the memory 
requirements of such a large simulation region. Due to these unanticipated problems in 
manufacture, the structure is expected to perform far worse than the simulations predict, 
though the exact degree of variation cannot be determined as the structure cannot be 
replicated in simulation. 
 In spite of these problems, it was decided to proceed with testing. The baseline 
measurements from the grating couplers would be measured, and the manufactured 
reflective couplers would be tested without an aluminum surface applied. While it is 
expected for there to be high losses due to the aforementioned problems, it will still 
provide some information on the validity of the design. 
 
3.4 Out-of-Plane Coupler Tests and Results  
 Prior to the grating coupler test, the setup was modified to introduce the camera 
and lens assembly. To do so, the second optical fiber and three-axis stage were removed 
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and replaced with the camera assembly. The detector was then used to re-measure the 
laser power output and the attenuator losses at different settings. Due to the high density 
of waveguides on the grating test chip, the setup used by us was unable to identify which 
grating was being measured; as such, several waveguides were measured at the bottom, 
center, and top of the waveguide chip in order to achieve a representative sample of the 
couplers. The resulting data is presented in Appendix C, and the numeric results are 
presented in Table 5. The minimum coupling loss due to the grating couplers was 
calculated to be 14.43 decibels, which will be treated as the baseline for representative 
coupling loss. The power present in the 
waveguide cannot be directly calculated; 
as such, the value provided in the table is 
calculated using the laser and the 
measured losses prior to the waveguide. 
That calculated power is then used to 
calculate the loss in decibels from the 
coupler. 
 
 
 
 
 
 
Figure 32. Grating Coupler Example Result; 
Expanded Region Shows Coupled Power. 
Scale Bar Equivalent to 200 Microns  
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Measurement Value 
Laser, 1 milliwatt setting 1.2965 milliwatts 
Attenuator, 20 dB setting 8.929 microwatts = 21.62 dB 
Attenuator, 25 dB setting 2.909 microwatts = 26.49 dB 
Power in waveguide, 20dB setting 3.5 microwatts 
Power in waveguide, 25dB setting 1.1 microwatts 
Minimum coupling loss measured 0.116 microwatts = 14.43 dB 
Table 5. Grating coupling measurements  
 
 As the reflective coupler tests were 
performed on a different day to the grating 
coupler tests, the laser and attenuator 
measurements were repeated again prior to 
the reflective coupler tests. In addition, the 
camera was reoriented to be positioned at 
a 30° angle from the chip normal. This 
reorientation was performed in order to align the camera with the deflected 
electromagnetic wave, as the DISCO blade produced a mirror at 30° from the chip 
substrate rather than the ideal 45°. Each of the two chips were individually attached to the 
mount and coupled into, with five waveguides tested on the shallow-diced chip and six 
tested on the other. The images are presented in Appendix C and the resulting coupling 
loss data is presented in Table 6b. To help estimate the severity of the losses due to the 
Figure 33. Experimental Setup, Reflective Coupler 
Test 
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waveguide damage, the radiation scattered 
from the waveguide at the measured 30° 
angle from normal was also measured and 
processed. The resulting losses are also 
presented in Table 6c. As the scattering is 
based on random damage to the 
waveguides, it is expected that more 
power is scattered at a range of angles, 
making the provided measurements an 
underestimation of the total power scattered. 
 
Measurement Value 
Laser, 1 milliwatt setting 1.2960 milliwatts 
Attenuator, 10 dB setting 87.62 microwatts = 11.7 dB 
Attenuator, 20 dB setting 8.843 microwatts = 21.66 dB 
Table 6a. Reflective coupler baseline measurements 
 
 
 
 
 
 
Figure 34. Reflective Coupler Example Result; 
Expanded Region Includes Power Coupled 
from Scattering (top-left) and Reflection 
(bottom-right). Scale Bar Equivalent to 200 
Microns 
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Measurement Value 
Power in waveguide 3.4 microwatts 
Shallow-diced maximum power 0.0462 microwatts = 18.43 dB 
Shallow-diced average power and 
standard deviation 
0.0318 ± 0.0143 microwatts = 20.41 ± 2.12 dB 
Deep-diced maximum power 0.0488 microwatts = 18.19 dB 
Deep-diced average power and 
standard deviation 
0.0310 ± 0.0102 microwatts = 20.35 ± 1.32 dB 
Table 6b. Reflective coupler loss measurements 
 
Measurement Value 
Power in waveguide 3.4 microwatts 
Shallow-diced minimum scattering 0.0158 microwatts 
Shallow-diced average scattering and 
standard deviation 
0.0353 ± 0.0250 microwatts = 20.28 ± 
2.56 dB 
Deep-diced minimum scattering 0.0805 microwatts 
Deep-diced average scattering and standard 
deviation 
0.1086 ± 0.022 microwatts = 14.79 ± 
0.88 dB 
Table 6c. Reflective coupler scattered power from damaged waveguide, measured at 30° incidence 
 
 As can be seen in the results, both chips had far worse coupling losses than the 
baseline grating coupler. However, given the severe limitations present with this 
manufacturing run, the results are a positive indication for the concept. The test structures 
had several severe problems that exacerbated the coupling loss. While the lack of a 
metallic surface and the damaged waveguide were sources of loss that had not been 
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simulated, the high cavity span and the divergence due to the wide waveguide had been 
simulated and were known to decrease the coupling efficiency drastically. As such, the 
high losses are in agreement with the simulation results, and indicate the poor response of 
the structure was due to the limitations in the chosen method of manufacturing rather than 
an unexpected flaw in the concept. 
 
3.5 Conclusion and Future Work 
 The reflective optical coupler concept appears to provide a useful method to 
perform broadband out-of-plane coupling between a silicon-on-oxide waveguide and 
some target structure. However, a more reliable method of manufacturing the coupler 
must be identified before the concept can progress further. Should a more flexible and 
reliable method of manufacture be identified, the reflective coupler should perform far 
better than indicated by the experiments performed here. 
 The first priority in any future work should be to test an iteration of this concept 
with the metallic surface deposited. More reliable measurements of the coupling loss can 
only occur with the full structure in place. From there, different methods of 
manufacturing should be explored and experimented with in detail in order to determine 
the most reliable method of manufacture. In the future, variations in the waveguide 
design should be explored to determine the mode shape that leads to maximum coupling 
efficiency.
  
49 
APPENDIX A: Simulation Results  
Farfield Profiles 
 
Farfield Profile of Isotropic-Etched Oxide-Filled Cavity Structure with 0.1 Micron-Wide 
Waveguide 
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Farfield Profile of Isotropic-Etched Oxide-Filled Cavity Structure with 0.5 Micron-Wide 
Waveguide 
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Farfield Profile of Straight-Etched Unfilled Cavity Structure with 0.1 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0 Micron-Wide 
Waveguide. Included as extreme case for simulation, not physically valid 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.025 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.05 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.075 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.1 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.125 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.15 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.175 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.1825 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.19125 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.2 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.2125 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.225 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.25 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.3 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Unfilled Cavity Structure with 0.5 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0 Micron-Wide 
Waveguide. Included as extreme case for simulation, but not physically valid 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.025 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.05 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.075 Micron-Wide 
Waveguide 
 
  
72 
 
Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.1 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.125 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.15 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.175 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.1825 Micron-
Wide Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.19125 Micron-
Wide Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.2 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.2125 Micron-
Wide Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.225 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.25 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.3 Micron-Wide 
Waveguide 
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Farfield Profile of Angled-Etched Oxide-Filled Cavity Structure with 0.5 Micron-Wide 
Waveguide 
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Farfield Profile of Curved-Etched Unfilled Cavity Structure with 4.0-Radius Etch 
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Farfield Profile of Curved-Etched Unfilled Cavity Structure with 4.5-Radius Etch 
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Farfield Profile of Curved-Etched Unfilled Cavity Structure with 5.0-Radius Etch 
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Farfield Profile of Curved-Etched Unfilled Cavity Structure with 5.5-Radius Etch 
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Farfield Profile of Curved-Etched Unfilled Cavity Structure with 6.0-Radius Etch 
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Farfield Profile of Curved-Etched Unfilled Cavity Structure with 6.5-Radius Etch 
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Farfield Profile of Curved-Etched Unfilled Cavity Structure with 7.0-Radius Etch 
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Farfield Profile of Curved-Etched Unfilled Cavity Structure with 7.42-Radius Etch. This 
is the maximum etch radius for the given structure, as the cladding is 7.42 microns deep. 
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Farfield Profile of Curved-Etched Oxide-Filled Cavity Structure with 4.0-Radius Etch 
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Farfield Profile of Curved-Etched Oxide-Filled Cavity Structure with 4.5-Radius Etch 
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Farfield Profile of Curved-Etched Oxide-Filled Cavity Structure with 5.0-Radius Etch 
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Farfield Profile of Curved-Etched Oxide-Filled Cavity Structure with 5.5-Radius Etch 
 
  
96 
 
Farfield Profile of Curved-Etched Oxide-Filled Cavity Structure with 6.0-Radius Etch 
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Farfield Profile of Curved-Etched Oxide-Filled Cavity Structure with 6.5-Radius Etch 
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Farfield Profile of Curved-Etched Oxide-Filled Cavity Structure with 7.0-Radius Etch 
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Farfield Profile of Curved-Etched Oxide-Filled Cavity Structure with 7.42-Radius Etch. 
This is the maximum etch depth for the given structure. 
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Electric Field Profiles  
 
Isotropic-Etched Unfilled structure, 0.1 micron-wide waveguide 
 
 
Isotropic-Etched Unfilled structure, 0.5 micron-wide waveguide 
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Straight-Etched Unfilled structure, 0.1 micron-wide waveguide 
 
 
Straight-Etched Unfilled structure, 0.5 micron-wide waveguide 
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Curved-Etch Unfilled structure, 6 micron radius,  0.1 micron-wide waveguide 
 
 
Curved-Etch Unfilled structure, 6 micron radius, 0.5 micron-wide waveguide 
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Angled-Etch Unfilled structure, 0.1 micron-wide waveguide 
 
 
Angled-Etch Unfilled structure, 0.5 micron-wide waveguide 
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Angled-Etch Oxide-filled structure, 0.1 micron-wide waveguide 
 
 
Diced structure, 0.1 micron-wide waveguide 
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Parameter Sweeps 
 
Angled-Etch Unfilled structure mirror angle sweep, Fiber Mode Overlap vs. Angle 
 
 
Unfilled structure angle sweep farfield profile 
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Angled-Etch Oxide-Filled structure mirror angle sweep, Fiber Mode Overlap vs. Angle 
 
 
Oxide-Filled structure angle sweep farfield profile 
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Diced structure mirror angle sweep, Fiber Mode Overlap vs. Angle 
 
 
Diced structure angle sweep farfield profile 
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Angled-Etch Unfilled structure span sweep, Fiber Mode Overlap vs. Vertical Etch Span 
 
 
Unfilled structure span sweep farfield profile 
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Angled-Etch Oxide-Filled structure span sweep, Fiber Mode Overlap vs. Vertical Etch 
Span 
 
 
Oxide-Filled structure span sweep farfield profile 
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Angled-Etch Unfilled structure silicon waveguide width sweep, Fiber Mode Overlap vs. 
Waveguide Width 
 
 
Unfilled structure waveguide width sweep farfield profile 
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Angled-Etch Oxide-filled structure silicon waveguide width sweep, Fiber Mode Overlap 
vs. Waveguide Width 
 
 
Oxide-Filled structure waveguide width sweep farfield profile 
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Diced structure silicon waveguide width sweep, Fiber Mode Overlap vs. Waveguide 
Width 
 
 
Diced structure waveguide width sweep farfield profile 
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Angled-Etch Unfilled structure wavelength sweep, Fiber Mode Overlap vs. Wavelength 
 
 
Unfilled structure wavelength sweep farfield profile 
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Angled-Etch Oxide-Filled structure wavelength sweep, Fiber Mode Overlap vs. 
Wavelength 
 
 
Oxide-Filled structure wavelength sweep farfield profile 
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Diced structure wavelength sweep, Fiber Mode Overlap vs. Wavelength 
 
 
 
Diced structure wavelength sweep farfield profile 
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Angled-Etch Unfilled structure fiber error sweep, X and Y position with colormap 
providing fiber mode overlap. Maximum coupling occurs at X  = 2.88 microns, Y = 0 
microns 
 
 
Fiber error sweep, Fiber Mode Overlap vs. X position at Y = 0 microns 
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3-Dimensional Simulations 
 
Angled-Etch Unfilled structure Electric Field XY profile, 2.5 micron-wide cladding 
 
 
Angled-Etch Unfilled structure Electric Field YZ profile, 2.5 micron-wide cladding 
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Angled-Etch Unfilled structure Electric Field XY profile, 4.5 micron-wide cladding 
 
 
Angled-Etch Unfilled structure Electric Field YZ profile, 4.5 micron-wide cladding 
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Angled-Etch Unfilled structure farfield pattern, 2.5 micron-wide cladding 
 
 
Angled-Etch Unfilled structure farfield pattern, 4.5 micron-wide cladding 
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APPENDIX B: Camera Data Processing 
The data output by the camera is a matrix of counts, where the position in the 
matrix corresponds to the pixel and the value to the number of counts measured. The 
OPR of the camera is set prior to recording the image; the OPR sets the camera gain and 
the exposure time. Using unit conversion, it can be shown that the number of photons per 
second measured by each pixel in the camera are: 
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑠𝑒𝑐𝑜𝑛𝑑
= 𝑐𝑜𝑢𝑛𝑡𝑠 ∗
𝑔𝑎𝑖𝑛
𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒⁡𝑡𝑖𝑚𝑒
= [𝑐𝑜𝑢𝑛𝑡] ∗
[
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑐𝑜𝑢𝑛𝑡⁄ ]
[𝑠𝑒𝑐𝑜𝑛𝑑𝑠]
 
As the wavelength of the photons measured is known to be 1550 nanometers, the power 
measured can be calculated as: 
𝑝𝑜𝑤𝑒𝑟 =
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑠𝑒𝑐𝑜𝑛𝑑
∗ 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝑃𝑙𝑎𝑛𝑐𝑘⁡𝑁𝑢𝑚𝑏𝑒𝑟 ∗
1
𝑐𝑎𝑚𝑒𝑟𝑎⁡𝑄𝐸
=
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑠𝑒𝑐𝑜𝑛𝑑
∗
𝑠𝑝𝑒𝑒𝑑 ⁡𝑜𝑓⁡𝑙𝑖𝑔ℎ𝑡
𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
∗ 𝑃𝑙𝑎𝑛𝑐𝑘⁡𝑁𝑢𝑚𝑏𝑒𝑟 ∗
1
𝑐𝑎𝑚𝑒𝑟𝑎⁡𝑄𝐸
 
The camera QE parameter relates to the quantum efficiency of the camera. Not every 
photon releases a photoelectron that the camera is able to measure; this additional source 
of loss is intrinsic to the camera, and varies with wavelength. For the camera used here, 
the quantum efficiency at a wavelength of 1550 nanometers is approximately 0.8 
according to the operator’s manual, and so the camera only measures 80% of the power 
incident on the pixels. The measured power is divided by this factor to correct for this 
loss. 
Once the power measured by an individual pixel is known, the total power 
measured by the camera is simply the sum of the power measured by each individual 
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pixel. This process was implemented into a simple MATLAB script in order to process 
the images recorded for each test.  The script read in each image and had the user select a 
bounding box around the pixels meant to be measured, in order to reduce the influence 
noise on unrelated pixels might have. The selected region’s counts are then summed and 
processed to output the power, and both the power and the loss relative to the power 
expected within the waveguide are output.
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APPENDIX C: Diced Chip Images  
 
Shallow-Diced chip side view, 50x magnification 
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Shallow-Diced chip side view, 100x magnification. Notice the blurring on the right oxide 
layer indicating the structure extends further out beyond the focal plane of the 
microscope 
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Shallow-Diced chip top view, 20x magnification 
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Deep-Diced chip side view, 50x magnification 
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Deep-Diced chip side view, 100x magnification 
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Deep-Diced chip top view, 20x magnification 
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APPENDIX D: Experimental Data 
All images presented here have had the brightness scaled to make the measurements 
easily visible. This scaling was not present in the raw data. 
 
Grating Coupler Images 
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Reflective Coupler Results  
Due to the high scattering losses from the waveguide damage, two points of light are 
visible. The top-left correspond to the scattering from the damaged waveguide, while the 
bottom-right correspond to the mirror surface. 
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Due to extremely high scattering loss, only the scattered light is visible in this image. As 
the power reflected from the mirror surface was overwhelmed by the scattering loss, this 
image was only used for the scattering loss result. 
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